Trypanothione reductase (TryR) is a key enzyme in the metabolism of Trypanosoma cruzi, the parasite responsible for Chagas disease. The available repertoire of TryR inhibitors relies heavily on synthetic substrates of limited structural diversity, and less on plant-derived natural products. In this study, a molecular docking procedure using a Lamarckian Genetic Algorithm was implemented to examine the protein-ligand binding interactions of strong in vitro inhibitors for which no X-ray data is available. In addition, a small, skeletally diverse, set of natural alkaloids was assessed computationally against T. cruzi TryR in search of new scaffolds for lead development. The preferential binding mode (low number of clusters, high cluster population), together with the deduced binding interactions were used to discriminate among the virtual inhibitors. This study confirms the prior in vitro data and proposes quebrachamine, cephalotaxine, cryptolepine, (22S,25S)-tomatidine, (22R,25S)-solanidine, and (22R,25R)-solasodine as new alkaloid scaffold leads in the search for more potent and selective TryR inhibitors.
Natural products from plants and their derivatives form the current basis of the physician's drug armamentarium [1] . They continue to be a significant source of drug candidates and leads against leishmaniasis and trypanosomiasis [2] [3] [4] . Protozoan parasites, including Trypanosoma and Leishmania, do not carry the gene to encode for glutathione reductase (GR), the enzyme responsible for assuring appropriate levels of reduced glutathione (GSH) in humans. The intracellular reducing environment in these parasites is maintained through the flavoenzyme trypanothione reductase (TryR), which catalyzes the reduction of the N 1 ,N 8 -bisglutathionyl spermidine conjugate, trypanothione T[S] 2 to dihydrotrypanothione T(SH) 2 [5] .
Although TryR and GR have closely related structural and mechanistic properties [6] , the active site of TryR has an overall negative charge, is much larger, and is more hydrophobic than the substrate binding site in human GR, in accordance with the requirements of their natural substrates. These factors account for the exceptional specificity displayed by the enzymes [7] [8] [9] . As a consequence, TryR is an attractive, selective chemotherapeutic target [7, [10] [11] [12] . The current status of research on trypanothione reductase in drug discovery was recently reviewed [13] .
Aspidospermine (1) [14] , conessine (2) [14] , agroclavine (3) [14] , and cepharanthine (4) [15] (Figure 1 ) inhibit TryR and not GR. The former is a competitive inhibitor (K i = 64 µM) [14] , while the latter shows a mixed-type behavior (K i = 7.6 μM, K ii = 51.6 μM) [15] . In this investigation, a validated in silico docking methodology was developed to determine the binding mode features of these alkaloids within T. cruzi TryR. The model was then used to identify promising leads from a small, structurally diverse alkaloid library.
Assessment experiments of the in silico model were conducted by "redocking" the substrate (T[S] 2 ) [16] , and utilizing the drugs clomipramine and chlorpromazine, as positive controls, while GSSG [oxidized glutathione] was used as the negative control, Table 1 . The results attained are consistent with the in vitro experimental data. In the case of the natural substrate T[S] 2 , the conformation adopted in the lowest energy and most populated cluster (-8.75 kcal/mol, P = 6) matches satisfactorily with the crystalline X-ray structure data [17] . The absence of a preferential binding mode (high CT and low P) as well as poor binding (-3.31 kcal/mol) observed for the negative control GSSG, confirmed the lack of affinity for the site, as shown computationally elsewhere [18] . In the case of the potent in vitro competitive inhibitors of TryR clomipramine and chlorpromazine, the results confirmed the existence of a preferential binding mode (low CT, high P) with virtual binding energies in the range of the natural substrate. The major site of interaction of clomipramine in T. cruzi TryR, clusters 1 and 2, was confirmed to be at the Z-site [19, 20] , in close proximity to residues Phe396', Pro398', and Leu399' with an H-bond to Glu467'. In the most populated cluster, the tricyclic scaffold lies close to the active CysI-GlyI site [17] with a H-bond to Glu19, as established previously [18, 21, 22] . Similar binding features were observed with chlorpromazine. The experimental in vitro K i values (7 μM [23] for clomipramine and 10 μM [21] for chlorpromazine) are in agreement with the in silico data displayed for the most populated cluster of each of these inhibitors (Table 1) , thereby supporting the adopted correlative approach.
The analysis of the binding mode of the four in vitro active, natural metabolites, 1 -4, indicated strong interactions within the substrate binding site (Figures 2A-2D ). In the case aspidospermine (1), conessine (2), and agroclavine (3), each showed a preferential binding mode located at the spermidine (Spd) binding site [17] , establishing contacts with Ser15, Leu18, Trp22, Tyr111, Met114, and Ile339 (Figures 2A-2C ). The principal feature of this binding mode is the hydrogen bond between the protonated amine moiety of each of these ligands with the Glu19 residue, a strong interaction that partially explains the high cluster population displayed in Table  2 . This region of the enzyme is of vital importance for TryRselective inhibitor design, since almost all of the amino acids which serve to distinguish the active sites of TryR from those of the human analog GR lie at this location [7] . These results correlate quite well with the in vitro experimental data for aspidospermine (1), a competitive in vitro inhibitor of T. cruzi TryR [14] . The virtual binding mode of conessine (2) was examined previously against Leishmania TryR, for which a binding energy of -9.9 kcal/mol was determined [24] . This data is in agreement with the binding energy here obtained for 2 against the T. cruzi TryR, as depicted in Table 2 , providing additional support for the structural similarities of the active binding sites between Leishmania TryR and T. cruzi TryR [25] .
(1R, 1ʹS)-Cepharanthine (4) docks within the substrate binding site, establishing contacts with ten key residues: Lys402', His461', Glu466', Glu467', Ser15, Leu18, Glu19, Ser110, Tyr111, and Met114, as exhibited in Figure 2D . Hydrogen bonds are observed between Tyr111 and the 11-12' ether bridge oxygen, and between Lys402' and the dioxolane 6'-oxygen. As observed in Figure 2D , cepharanthine (4) occupies the substrate binding site in a very efficient manner, a fact that may explain its high in vitro activity and selectivity towards TryR [15] .
In this way, it was demonstrated in silico that all of the alkaloidbased in vitro active inhibitors of TryR, 1 -4 [14, 15] showed strong CT, total number of clusters; C, cluster number; K i , predicted inhibition constant; BE, binding energy in kcal/mol in cluster C; P, population within the indicated cluster.
preferential binding towards TryR (low CT (< 10) and high P (> 40), in contrast to the results exhibited by known weakly active alkaloids, such as colchicine (5) [14] and piperine (6) [14] ( Table 2) , criterion that would be used to discriminate among the potential inhibitors presented in Figure 3 .
In consideration of this analysis and the critical effect that charge and size exert when targeting affinity towards TryR and not GR [8, 9, 22, 26] , a covey of twelve structurally diverse alkaloids, quebrachamine (7) , acronycine (8), ancistrotanzanine B (9) [27] , atropine (10), budmunchiamine A (11), cephalotaxine (12), cryptolepine (13) , emetine (14) , and pandamine (15) , in addition to the steroidal alkaloids, tomatidine (16) , solanidine (17) , and solasodine (18) ( Figure 3 ) were selected a priori for evaluation as in silico inhibitors of T. cruzi TryR. Their structures are bulkier and more conformationally malleable than the inhibitors clomipramine and chlorpromazine, and they are all protonatable at physiological pH.
Six of these alkaloids showed preferential binding modes (low CT, high P) with predicted binding energies of interest (quebrachamine, cephalotaxine, cryptolepine, and the three steroidal alkaloids, 16-18), as shown in Table 2 . Cephalotaxine (12), a homo-erythrina derivative, was the nonsteroidal alkaloid that demonstrated the most promising data. In its dominantly populated (P47), highly bound cluster, the conformation is located at the Z-site, and it presents contacts with thirteen residues, Figure 4A . The oxygen of the 2-methoxyl and 3-hydroxyl groups exhibit hydrogen bonds with Lys402', while the O-16 of the dioxolane moiety shows hydrogen bonds with Lys62. This alkaloid is highlighted because its binding mimics the mode by which the known drug inhibitors, clomipramine and chlorpromazine, interact within TryR.
The orientation adopted by quebrachamine (7) ( Figure 4B ) in its highly populated (P56) cluster (C2), in close proximity to the Spdsite, allows contact with eleven residues, similar to the binding mode exhibited by aspidospermine (1), conessine (2), and agroclavine (3). However, in this case, the protonated amine is pointing upwards, which prevents hydrogen bonding with Glu19, an aspect worth pursuing in future chemical derivatization studies.
Cryptolepine (13) displays two important conformation clusters (P39 and P22). As expected, the tricyclic aromatic skeleton anchors at the Z-site, in close contact with eleven residues. The only difference among the two preferential binding modes is the orientation adopted by the alkaloid which are inverted with respect to each other ( Figures 4C-4D ). This behavior is also exhibited by the tricyclic inhibitors clomipramine and chlorpromazine. The importance of this scaffold as a potential lead towards new inhibitors of T. cruzi TryR is further supported by a recent computational study which identified biscryptolepine as an in silico inhibitor of T. cruzi TryR from among 110 natural trypanocides evaluated [28] .
In the case of the steroidal alkaloids, 16-18, the current computational analysis revealed conformations which were more energetically favored than the previously discussed structures ( Table 2) . This is consistent with the bulkiness and hydrophobic nature of these skeletons, which allows for maximum interactions within the substrate binding site. The results support the strong binding exhibited by (22S,25S) -tomatidine (16) and CT, total number of clusters; C, cluster number; K i , predicted inhibition constant; BE, binding energy in kcal/mol in cluster C; P, population within the indicated cluster. [24, 29] . In these studies, the binding energies for 16 and 18 were determined to be -9.44 kcal/mol [29] and -11.51 kcal/mol [24] , respectively. It should be noted that these data were the outcome of twenty Lamarkian Genetic Algorithm (GA) runs for each alkaloid [24] , compared with the 100 used in the present study.
To these two active steroidal alkaloids, (22R,25S)-solanidine (17) was added. Solanidine is the aglycone of α-solanine and αchaconine, the dominant glycoalkaloids (95%) of the leaves of Solanum tuberosum L. (Solanaceae), the potato plant, for which Peru is well-known to grow over 3500 varieties [30] . In silico analysis of 17 indicated that the binding energy for this alkaloid varied in the range -9.74 to -9.59 kcal/mol (Table 2) . Significantly, this alkaloid, like solasodine (18) , showed four clusters, the best binding energy cluster being populated with 94 of the 100 conformations. Tomatidine (16) , by comparison, displayed nine clusters, and only 40 conformations in the corresponding cluster (22S,25S)-Tomatidine (16) showed a highly populated cluster (C1) with significantly enhanced binding energy. In this conformation, 16 binds to the Z-site and, due to its elongated, almost planar, hexacyclic structure, also interacts with amino acid residues with affinity for the γGluII components of trypanothione [17] . The contacts involved residues associated with the Z-site area, in addition to interactions with Thr397ʹ, Met400ʹ, His461ʹ, Pro462ʹ, Thr463ʹ, Ser464ʹ, Glu466ʹ, Glu467ʹ, Ser470ʹ, and Lys62. Hydrogen bonds with Glu466ʹ and Glu467ʹ were observed with the nitrogen atom of the F ring. Similar predictions were attained in the earlier in silico report [29] . On the other hand, the highest populated cluster docked in the same conformation as solanidine (17), as described below.
(22S,25R)-Solanidine (17) favored only one cluster. Further analysis of the docking pose revealed that the alkaloid binds at the substrate site, is centered on the γGluI region of trypanothione [17] , and reaches the γGluII space. This is in contrast to what is observed in cluster 1 of 16, where the binding is centered around γGluII and extends to γGluI. Hydrogen bonds were observed from the N of ring F with Glu467ʹ and with Asn340.
(22R,25R)-Solasodine (18) showed two important clusters. The enhanced binding, lower populated cluster 1, binds at the dimer interface site. It makes contact with Pro398ʹ, Leu399ʹ, Met400ʹ, Asp432ʹ, Asn433ʹ, Pro462ʹ, Thr463ʹ, Ser464ʹ, Lys62, Thr66, Gln69, Pro371, Asp432, Asn433, and Glu436. In this particular conformation, hydrogen bonds with Gln69 and Asp432 (through the 3-OH) and Ser464ʹ (through the -NH 2 + ) were observed. These same binding features were reported in an earlier study [24] . The higher populated cluster 3 docked at the spermidine region. Hydrogen bonding with Glu19 (through the NH 2 + ) and Glu113 (through the 3-OH) was observed.
These three steroidal alkaloids, which showed the optimum binding energies and clustering of the natural products studied, are structurally quite similar. However, their lowest energy binding modes differ substantially, providing a vivid illustration of how the applied modeling method is highly sensitive to small structural variation.
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The computational studies presented here proposes for the first time the structural features of the binding mode of aspidospermine (1), conessine (2), agroclavine (3), and cepharanthine (4), which explain the in vitro data [14, 15] . This information may be used to further develop these leads. To this alkaloid list are now added quebrachamine (7) , cephalotaxine (12) , cryptolepine (13), (22S,25S)-tomatidine (16) , (22S,25R)-solanidine (17) , and (22R,25R)-solasodine (18) , metabolites which in this study exhibited good clustering profiles.
Based on sustainability considerations [31, 32] , efforts directed towards the design and synthesis of improved steroidal derivatives as new potential in vitro inhibitor of trypanothione reductase are underway in our laboratories.
Computational Methods: The structural information of the trypanothione reductase from T. cruzi complexed with trypanothione and the FAD cofactor at 2.40 Å resolution was retrieved from the Protein Data Bank (PDB code 1BZL). Trypanothione and all water molecules were removed from the macromolecular structure. The file was processed with the AutoDockTools 1.5.6 suite [16, 33] by adding all hydrogen atoms, merging non-polar hydrogens with their respective bonding atoms, and adding Gasteiger charges to all of the atoms in the protein. The receptor file was not further geometry-optimized.
The three-dimensional structures of the studied compounds were modeled, and then geometry-optimized in vacuo at the semiempirical PM3 level [34] using Hyperchem 8.0 [35] . The PDB structure files were processed with AutoDockTools in a similar manner as the macromolecule, and later converted to the required PDBQT format. All studied molecules presenting as basic amines were modeled in their fully protonated form.
Applying Autogrid, an affinity grid of 120x120x120 points, with 0.375 Å spacing and centered on the catalytic His461ʹ residue, was generated for each of the atom types present at the receptor and ligand, in addition to an electrostatic map and a desolvation map.
The receptor was kept rigid, and docking was carried out using the AutoDock 4.2 Lamarckian Genetic Algorithm. The parameters were set at default (maximum number of evaluations = 2,500,000; maximum number of generations = 27,000) with the exception of the number of GA runs (100) and the population size (300). Both the AutoGrid and the AutoDock programs were executed in a computational cluster (Legion-PUCP).
The 100 resulting conformations were clustered according to their root-mean-square deviation (RMSD), with a cut-off value of 3.0 Å. The obtained clusters were ranked on the basis of their binding energy. The best ranked and more populated clusters were further analyzed. The analysis included visualization of the nearby residues, identification of the binding site defined by residues within 4 Å, and reconstruction of the hydrogen bonding. This analysis was performed using the Discovery Studio 3.5 [36] client.
